This study examined whether two species of Eucalyptus can take up the amino acid glycine from soil and compared the uptake rate of glycine with the uptake rates of nitrate and ammonium. Ectomycorrhizal seedlings of two ecologically disparate species were studied: Eucalyptus regnans F. Muell., a fast-growing forest tree from low altitudes; and Eucalyptus pauciflora Sieber ex Spreng., a slow-growing tree that forms the alpine treeline. Seedlings were grown from seeds in field soil. When seedlings were 4-5 months old, soils were injected with equimolar mixtures of isotope-labeled glycine, ammonium and nitrate. Seedlings and soil were harvested 4 and 48 h later. Isotope ratio mass spectrometry analysis of N-glycine was detected in shoots. This is consistent with glycine being taken up as an intact molecule that is subsequently metabolized rapidly. Both species took up more nitrate than ammonium, and glycine was the least preferred form of nitrogen (N). Microbes took up more N than seedlings, and their preference for N forms was the mirror image of the plant preferences. These data suggest that patterns of microbial uptake may determine plant preference for forms of N.
Introduction
Soil contains a complex mixture of nitrogen (N)-containing compounds, ranging from inorganic N (nitrate and ammonium), through simple forms of organic N (e.g., amino acids), to complex forms of organic N (e.g., proteins). It was thought that plants could take up only inorganic N, but the recent studies indicate that a variety of plants can take up organic N directly, especially simple forms such as amino acids (Lipson and Na¨sholm 2001, Schimel and Bennett 2004) . Furthermore, various field studies have shown that uptake of amino acids is not an artifact of laboratory conditions, but contributes significantly to the N economy of plants in a range of ecosystems (Chapin et al. 1993, Na¨sholm and Persson 2001) . This has led to the contemporary view that plants can take up nitrate, ammonium and small organic forms of N.
Species vary in their preference for N forms. Generally, early successional species and those from productive habitats have a high capacity for nitrate uptake, whereas late successional species and those from unproductive habitats have a limited capacity . Uptake of ammonium and amino acids is, thus, quantitatively more significant for late successional species, especially those from cold, wet and acid soils (Chapin et al. 1993) . The usual explanation for this observed plant preference for N forms is that it reflects adaptation to the form most abundant in the natural habitat of the species (Stewart et al. 1989 , Kronzucker et al. 1997 ; however, this explanation has been questioned because some studies have shown that coexisting species vary in their preference for N forms (McKane et al. 2002 , Miller and Bowman 2003 , Weigelt et al. 2003 .
The author examined uptake of nitrate, ammonium and glycine by seedlings of two tree species from southeastern Australia: Eucalyptus regnans F. Muell. and Eucalyptus pauciflora Sieber ex Spreng. There are data for these and other Eucalyptus spp. showing the uptake of the amino acid glycine from hydrosolutions and the potential for growth on media containing amino acids (e.g., Turnbull et al. 1996 , Warren 2006 , Warren and Adams 2007 . However, it remains to be determined if this potential for uptake of amino acids is realized in plants growing in soil. That is, can Eucalyptus compete with soil microbes for uptake of amino acids? This study tests the hypothesis that both species of Eucalyptus can take up glycine as an intact molecule from soil.
Eucalyptus regnans and E. pauciflora are allopatric and occur on contrasting soils; this permitted testing of the hypothesis that a species' preference for N forms is matched to relative availability in the soil. Eucalyptus regnans is a fast-growing forest tree that can exceed heights of 100 m and is reputed to be the world's tallest angiosperm. It is found in areas of southeastern Australia from 150 to 1100 m altitude with rainfall from 750 to 1700 mm year À1 and soils dominated by nitrate and ammonium (Polglase et al. 1992, Attiwill and May 2001) . Eucalyptus pauciflora also occurs in southeastern Australia, but is slower growing and never exceeds 10-20 m in height. It forms the alpine treeline (Boland et al. 1984) and occurs on soils dominated by ammonium and amino acids (Warren unpublished data, Khanna and Raison 1986) . Hence, the author tested the hypothesis that E. regnans seedlings primarily take up nitrate and ammonium, whereas E. pauciflora seedlings primarily take up ammonium and glycine.
Materials and methods

Plant material and soil
Soil was collected (0-15 cm) from a subalpine E. pauciflora woodland in the Snowy Mountains of Australia (36°06 0 S, 148°32 0 E and 1500 m altitude) and a tall E. regnans forest in the Yarra Valley of Australia (37°46 0 S, 145°1 0 E and 500 m altitude). The E. pauciflora soil is classified as a humic umbrosol (World Reference Base) or chernic tenosol (Australian Soil Classification, Isbell 2002) , and the E. regnans soil is a humic lixisol (World Reference Base) or red dermosol (Australian Soil Classification, Isbell 2002) . Soils were sieved to 4 mm to remove large stones and stored at 4°C for no more than 2 weeks before being used as the potting medium for seed germination.
Seed of E. regnans (Seedlot 15158, 37°20 0 S, 145°56 0 E and 555 m asl) and E. pauciflora (Seedlot 19626, 35°46 0 S, 148°58 0 E and 1100 m asl) were obtained from the Australian Tree Seed Centre (Kingston, ACT, Australia). On June 29, 2006, E. regnans seed was sown in soil from an E. regnans forest and E. pauciflora seed was sown in soil from an E. pauciflora woodland. Seeds were stratified at 4°C for 4 weeks and then germinated in a fully sunlit greenhouse at the University of Sydney (Camperdown, New South Wales, Australia). After 1 month, when the seedlings had one pair of true leaves, they were transferred to 210-ml plastic tubes (50 mm square · 125 mm high) filled with the corresponding soil type. Seedlings did not receive any external nutrients at any time. Experiments were carried out between November 17 and 25 on fine sunny days when air temperature in the greenhouse was 20-25°C and soil temperature was around 25°C. When the experiments commenced, the seedlings were 4-5 months old and had three to four pairs of true leaves. Mean (±standard error (SE)) dry mass of E. pauciflora seedlings was 115 ± 5 mg (n = 42) with a root:shoot ratio of 0.28 ± 0.01. Eucalyptus regnans seedlings were somewhat smaller at 88 ± 5 mg (n = 42) but with a similar root: shoot ratio of 0.34 ± 0.02. Because all the seedlings were small, root growth was not restricted by the size of the pots.
Six replicate plants per species were randomly assigned to each of the eight factorial combinations of four treatments (3 · labeled N form + 1 control) and two harvests (4 and 48 h). An additional six plants were set aside to determine pools of N in the soil.
Pools of N in soil
To account for isotope pool dilution, it was necessary to determine the pools of N accurately. Accordingly, soils from six plants were extracted with 1 M KCl (8.0 g fresh mass (FW) soil:40.0 ml KCl). Samples were shaken endto-end at 100 rpm for 90 min at room temperature; extracts were then centrifuged (15 min at 3200g) and filtered (Whatman #1, Whatman, Kent, UK). Nitrate (Miranda et al. 2001) , ammonium (Baethgen and Alley 1989) and total amino acids were measured colorimetrically with a monochromator-based microplate reader (Synergy 2, BioTek, Winooski, Vermont). Individual amino acids in the KCl extracts were separated and quantified by capillary electrophoresis with laser-induced fluorescence detection (Warren 2008) .
N injection into the soil
To determine uptake of nitrate, ammonium and glycine when plants have a choice among the three N forms, soils were injected with 4.0 ml of water (control) or 4.0 ml of one of three mixtures of 250 lg N ml À1 nitrate, ammonium and glycine (i.e., total concentration = 750 lg N ml
À1
) differing only in which one of the N forms was labeled. Labeled substrates were 60 at.% The seedlings were not watered for 2 days before the solutions were injected into the soil, to allow the soil to dry to 10 ml below field capacity, so that the solutions could be injected without any loss as a result of drainage. Solutions were injected into the soil between 1000 and 1200 h. About 4 ml of solution was injected into the soil in four 1-ml aliquots using a 4-sideport Cass needle (18G · 150 mm long, Victor-G & Company, Kanpur, India). This procedure ensured that the label was spread evenly throughout the soil. Pots were randomly arranged in the greenhouse, where they remained until they were harvested 4 or 48 h later. The greenhouse was well ventilated and thus there was minimal probability of refixation of respired 13 CO 2 . It was not necessary to irrigate plants harvested at 4 h, but plants harvested at 48 h were irrigated with 6 ml of water midway between 15 N injection and harvest. This small amount of water kept pots at a constant weight (equivalent to around 10 ml below field capacity), but did not allow water or 15 N to leach from the pots.
Harvests
Uptake of 15 N (and 13 C in the case of glycine) was traced into the main biotic pools, i.e., plants and microbial biomass. At the 4-and 48-h harvests, shoots were excised and roots were gently removed from the soil. Roots were washed three times with 50 mM KCl and three times with ultrapure water to remove the tracer adsorbed to root surfaces. Shoots and roots were stored at À80°C. Soil was removed from pots and homogenized to break up any aggregations and to ensure that subsequent subsamples were representative. Four 8.0-g (FW) aliquots of soil were stored at 4°C for no more than 1 h before they were processed (see below), and the remainder of the soil was weighed.
Measurement of 15 N in plants and microbial biomass
Shoots and roots were freeze dried and weighed to the nearest 0.01 mg. Subsamples were ground to a fine powder in a mixer mill (TissueLyser, Qiagen, Hilden, Germany), weighed into tin capsules and analyzed for 13 C and 15 N by isotope ratio mass spectrometry (IRMS) at the UC Davis Stable Isotope Facility.
One subsample of soil was dried (72 h at 80°C) to determine gravimetric soil water content. Microbial biomass was determined in two subsamples by the chloroform fumigation technique (Brookes et al. 1985) . One subsample was immediately extracted with 0.5 M K 2 SO 4 (8.0 g FW soil:40.0 ml K 2 SO 4 ) and the other subsample was fumigated with CHCl 3 for 4 days in an evacuated desiccator and then extracted with 0.5 M K 2 SO 4 (8.0 g FW soil: 40.0 ml K 2 SO 4 ). Aliquots of the fumigated and unfumigated K 2 SO 4 extracts were digested to nitrate by persulfate oxidation (Cabrera and Beare 1993) . The concentration of nitrate was determined by colorimetric microplate methods as described above. Nitrogen in the persulfate digests was diffused onto filter paper disks as described previously (Stark and Hart 1996) C-labeled glycine by gas chromatography-mass spectrometry Uptake of intact glycine was determined by GC-MS of tert-butyldimethylsilyl (tBDMS) derivatives of amino acids, essentially as described by Mawhinney et al. (1986) ; 20 (±1) mg of freeze-dried and ground shoot and root material was extracted with 700 ll of hot methanol by shaking for 30 min at 60°C. Aqueous and organic phases were separated by addition of 400 ll of chloroform and 800 ll of water. Then 100 ll of the aqueous phase and 5 ll of the internal standard (0.1 mg ml À1 norleucine) were dried and taken up in 100 ll of N,N-dimethylformamide; 50 ll of N-methyl-N-[tert-butyldimethyl-silyl]trifluoroacetimide was added and the samples were heated at 80°C for 45 min. Amino acids were separated by capillary gas chromatography on a 5% diphenyl-95% dimethyl polysiloxane stationary phase (30 m long · 0.25 mm ID · 0.25 lm film thickness; Rtx-5SilMS, Restek, Bellfonte, PA). The column eluent was ionized by electron impact (70 eV) and mass spectra were collected from 100 to 600 amu (GCMSQP2010Plus, Shimadzu, Kyoto, Japan). The 
Calculations and statistics
The amount of 15 N or 13 C taken up from the added isotope label was calculated from enrichment of the added label, the sample's 15 N or 13 C at.% excess (relative to controls that received water) and N or C content:
where U labeled is the amount of Equimolar amounts of nitrate, ammonium and glycine were added but these were diluted by soil pools of nitrate, ammonium and glycine. Because the size of these pools differs, isotope pool dilution differs among N forms and consequently plants take up differing amounts of unlabeled nitrate, ammonium and glycine. Uptake of unlabeled N was determined from pools of nitrate, ammonium and glycine extracted with 1 mol l À1 KCl before the treatments were imposed:
where U unlabeled is uptake from the unlabeled pool of N, m unlabeled is the mass of the unlabeled pool of nitrate, ammonium or glycine, m labeled is the mass of the (added) labeled pool of N. The total amount of N or C taken up was calculated as the sum of U labeled and U unlabeled . Microbial biomass N was estimated as the difference in N between samples fumigated with CHCl 3 and the initial (unfumigated) samples. A recovery coefficient was not used to account for incomplete extraction of microbes by CHCl 3 , because the relative extractability of the different soils is unknown, and the introduction of unknown factors was considered undesirable. Hence, the values presented likely underestimate N in microbial biomass.
Data are presented as the mean (±1 SE) of six replicates. The significance of differences among mean was tested by analysis of variance (ANOVA), the significance of differences between soils was determined by t tests and the relationship between 13 C and 15 N excess was determined by regression analysis. All statistics were performed with Minitab 15 (Minitab Inc., PA).
Results
Native concentrations and pools of N in soil
Soil used to grow E. regnans seedlings contained roughly 10 times more nitrate and four times less ammonium than soil used to grow E. pauciflora seedlings ( Table 1 ). The available pool of N (arbitrarily defined as the sum of nitrate, ammonium and amino acids) did not differ between soils. Glycine made up 25-28% of amino-acid-N in both soils. Microbial biomass N was around 30% higher in soil from the E. pauciflora forest than in soil from the E. regnans forest. N excess is complicated by differences among N forms in the degree of enrichment (60 versus 99 at.%), differences in mass and N concentration between species and roots and shoots, and differences in isotope pool dilution.
These limitations were overcome by taking account of pool dilution and by calculating the amount of N taken up (Figure 2) . After 4 h, seedlings had taken up between 2 and 17 lg of N, whereas after 48 h they had taken up between 60 and 250 lg. At the 4-h harvest, the general trend was for seedlings of both species to contain more nitrate than ammonium than glycine: E. regnans took up significantly more nitrate (17 lg) than ammonium (5 lg) or glycine (2 lg). A similar, but not statistically significant, pattern was found for E. pauciflora (uptake of 12 lg of nitrate, 8 lg of ammonium and 4 lg of glycine). At the 48-h harvest, E. regnans contained more nitrate than ammonium than glycine (i.e., a similar trend to that at 4 h), whereas in E. pauciflora, uptake of ammonium and nitrate was significantly greater than uptake of glycine. Root mass differed little between E. pauciflora (32 mg) and E. regnans (30 mg), and thus trends were the same when expressed per unit root mass.
The amount of N taken up by the microbial biomass was always greatest with glycine, intermediate with ammonium and least with nitrate (i.e., generally the mirror image of N taken up by the seedlings) (Figure 2 ). The amount of N taken up by the microbial biomass after 4 h was generally greater than that present in seedlings: 100 times more glycine-N in microbial biomass than in seedlings; 40 (E. pauciflora) or 15 (E. regnans) times as much ammonium-N in microbial biomass as in seedlings and 10 times (E. pauciflora) or equal amounts (E. regnans) of nitrate-N in microbial biomass as in seedlings. The amount of N taken up by the microbial biomass was the same or decreased slightly from 4 to 48 h (cf. 20-to 100-fold increase in seedlings).
Is glycine taken up intact?
There were strong positive relationships between N relationships were shallower at the 48-h harvest than at the 4-h harvest and were lower in shoots (E. pauciflora 0.14 and E. regnans 0.07) than in roots (E. pauciflora 0.20 and E. regnans 0.55).
The GC-MS analyses indicated that roots of both species contained small amounts of intact Table 1 . Concentrations and pools of amino acids, glycine (Gly), ammonium (NH 4 + ) and nitrate (NO 3 À ) in 1 M KCl extracts of soil collected from E. pauciflora woodland and E. regnans forest and used for growing seedlings. Soil was collected from pots immediately before 15 N was injected. Nitrate, ammonium and total amino acids were quantified by standard colorimetric methods. Microbial biomass was determined by chloroform fumigation. Individual amino acids were separated and quantified by capillary electrophoresis. Data are mean values (SE, n = 6). The significance of differences between E. pauciflora and E. regnans in native concentrations of N was examined by the t test. Significance is indicated by: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. only two (of six) shoots of E. pauciflora and no shoots of E. regnans (Table 2 ). The amounts of intact (Table 2) .
Discussion
The data showed that E. pauciflora and E. regnans seedlings can take up the amino acid glycine from soil. Uptake of 1. N-glycine was taken up intact. The value of 75% likely underestimates uptake of intact glycine molecules because glycine is rapidly metabolized to serine with loss of 13 C (Na¨sholm et al. 2000) , and thus it is probable that some glycine molecules taken up intact were metabolized and lost their CO 2 ) that are subsequently taken up by plants (Jones et al. 2005) . However, it is unlikely that the large amounts of 13 C in seedlings receiving glycine were a result of fixation of 13 CO 2 because none of the controls or seedlings receiving nitrate or ammonium contained excess 13 C, despite being in the same area and thus exposed to the same putative 13 CO 2 efflux as seedlings receiving glycine. The case for intact uptake of glycine is further strengthened by GC-MS identification of intact 13 C 2 , 15 N-glycine molecules in roots (Table 2) . However, intact Collectively, these findings suggest that glycine was taken up intact, but was either metabolized to other compounds before transport to shoots or transported intact to shoots where it was rapidly metabolized.
Less glycine was being taken up intact at the 48-h harvest than at the 4-h harvest. After 48 h, shoots contained 0. post-uptake metabolism led to loss of significant 13 C. By the 48-h harvest it is likely that seedlings were taking up mineralization products of glycine, given that the maximum amount of N was already taken up by the microbial biomass by the 4-h harvest, and thereafter it just turned over rapidly (Figure 2) . Furthermore, some studies have reported rapid mineralization of amino acids in soil (Jones and Kielland 2002) , and other studies have shown plants take up the mineralization products of amino acids rather than the intact molecules (Hodge et al. 1998) . Both 15 N and 13 C were found in shoots providing good evidence that glycine was taken up into the plant and was not merely resident in fungal cells or the apoplast of root cells. Seedlings were visibly ectomycorrhizal, and studies on other Eucalyptus spp. have shown that ectomycorrhizae may affect the ability of eucalypt seedlings to grow on amino acids (Turnbull et al. 1995) . Hence, it is possible that uptake of organic compounds such as glycine is through the action of mycorrhizal fungi, but this study provides no insight into whether plant or symbiont(s) control N uptake.
Although it has been known for many years that plants can take up organic forms of N (e.g., Wright 1962) , it was assumed that this potential uptake did not translate into actual uptake because microbes outcompete plants for organic N (Hodge et al. 2000 , Jones et al. 2005 ). Hence, although many studies have demonstrated intact uptake of amino acids by plants, in most of these studies the proportion of N taken up by plants was smaller than that taken up by the microbial biomass (Owen and Jones 2001 , Nordin et al. 2004 , Jones et al. 2005 , Harrison et al. 2007 . Similarly, in this study, after 4 h the microbial biomass had taken up 40 times more 15 N from glycine than the seedlings (Figure 2 ). Microbial N did not increase from 4 to 48 h, suggesting that maximum uptake occurred within 4 h and was followed by rapid turnover. In contrast, N uptake by seedlings increased from 4 to 48 h, but the small N was taken up after glycine had been mineralized to inorganic N (i.e., it had already cycled through the microbial biomass). Hence, evidence from this study supports the hypothesis that plants can and do take up amino acids such as glycine, but microbes capture more N in the short term. In the longer term, seedlings may capitalize on the rapid cycling of glycine-N through the microbial biomass, which may explain the results of longer-term studies showing that, after two or more days, plants capture more 15 N-amino acids than microbes (e.g., Harrison et al. 2008) .
There were small differences in the patterns of N uptake between species that were consistent with the hypothesis that E. pauciflora is better able to take up amino acids than E. regnans. Discussion of these species' differences is restricted to the 4-h harvest, because uptake at 48 h probably involved N that had cycled through the microbial biomass. Glycine represented 8% of N taken up by E. regnans and 17% by E. pauciflora (Figure 2 ). This pattern is consistent with studies showing that fast-growing species and those from productive habitats have a preference for inorganic N, whereas slow-growing species and those from unproductive habitats are better able to take up amino acids (Nordin et al. 2001 , Weigelt et al. 2005 , Harrison et al. 2008 . The preference of E. regnans seedlings for nitrate was broadly consistent with it being grown in soil dominated by nitrate and originating from a habitat dominated by nitrate and ammonium (Polglase et al. 1992, Attiwill and May 2001) . In contrast, N uptake by E. pauciflora seedlings was also dominated by nitrate even though it was grown in soil in which nitrate was scarce and originated from a habitat in which nitrate was scarce (Warren unpublished data, Khanna and Raison 1986). The preference of both species for nitrate may be because they were grown in soil from mature forest/ woodland, whereas both species normally regenerate after fire (Ough 2001 , McDougall 2003 , and thus seedlings might be adapted to postfire soils that contain more nitrate than soil from mature forest/woodland (Khanna and Raison 1986, Weston and Attiwill 1990) .
Results of this study are broadly indicative of potential N uptake by seedlings, but extrapolation to plant function in the field should be done cautiously. The largest limitation of the study is that added 15 N had a large effect on native pools of N. Consequently, the results do not indicate how seedlings perform under field conditions, but they do indicate what happens when seedlings are given a choice among three N forms at higher than normal concentrations. A second unknown is whether patterns of N uptake differ between seedlings and adults. A final unknown is whether different patterns of N uptake between E. regnans and E. pauciflora reflect inherent species differences, or the acclimation of seedlings to the different soil they were grown in, or differing soil properties. The study species are allopatric and grow on different soil types (Khanna and Raison 1986, Polglase et al. 1992) , and thus it was a deliberate decision to grow them in their (respective) field soils to examine likely patterns of N uptake in the field. Hence, although the data suggest that E. regnans takes up more nitrate and less glycine than E. pauciflora, it is impossible to deduce whether this is a function of plant biology, soil biology or both.
The observed patterns of N uptake from soil contrast markedly with data obtained from hydrosolution experiments on related species. Hydrosolution studies with a range of Eucalyptus species have invariably found that the uptake rate of ammonium is the fastest, glycine is taken up at an intermediate rate and the uptake rate of nitrate is the slowest (Warren 2006, Warren and Adams 2007) . Hence, hydrosolution experiments grossly underestimate the importance of nitrate to the N nutrition of Eucalyptus, which is likely because they exclude competition with soil microbes and the effects of diffusion through the soil.
This study accounted for one of the major criticisms of 15 N experiments -differential dilution of N forms added 4 (0.4) to the soil (Jones et al. 2005) . However, accounting for pool dilution of glycine is complicated. It was assumed that glycine uptake was independent of all other amino acids, yet this assumption may be invalid if amino acid transporters have broad substrate specificity (Wipf et al. 2002) . To test if this assumption affected the conclusions, glycine uptake was recalculated using total amino acids to account for pool dilution. This increased estimates of glycine uptake after 4 h from 2 to 4 lg in E. regnans and from 4 to 7 lg in E. pauciflora. For both species recalculated glycine uptake was still less than uptake of ammonium-N. Hence, although accounting for substrate specificity of amino acid transporters is important, it had no effect in the present study because glycine uptake was so small. In conclusion, E. pauciflora, a species from unproductive, high-altitude sites with soils dominated by amino acids, was slightly better at taking up glycine than E. regnans, a species from highly productive, low-altitude sites with soils dominated by nitrate. Although Eucalyptus seedlings can take up intact molecules of glycine and amino acids dominate some soils, uptake of glycine was quantitatively less important than uptake of nitrate and ammonium. The ability of plants to take up amino acids is widespread, but the potential to take up amino acids is tempered by intense microbial competition.
